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ABSTRACT
Quantitative characterization of galaxy morphology is vital in enabling comparison of
observations to predictions from galaxy formation theory. However, without significant
overlap between the observational footprints of deep and shallow galaxy surveys, the
extent to which structural measurements for large galaxy samples are robust to image
quality (e.g., depth, spatial resolution) cannot be established. Deep images from the
Sloan Digital Sky Survey (SDSS) Stripe 82 co-adds provide a unique solution to this
problem - offering 1.6 − 1.8 magnitudes improvement in depth with respect to SDSS
Legacy images. Having similar spatial resolution to Legacy, the co-adds make it pos-
sible to examine the sensitivity of parametric morphologies to depth alone. Using the
gim2d surface-brightness decomposition software, we provide public morphology cat-
alogs for 16,908 galaxies in the Stripe 82 ugriz co-adds. Our methods and selection are
completely consistent with the Simard et al. (2011) and Mendel et al. (2014) photo-
metric decompositions. We rigorously compare measurements in the deep and shallow
images. We find no systematics in total magnitudes and sizes except for faint galax-
ies in the u-band and the brightest galaxies in each band. However, characterization
of bulge-to-total fractions is significantly improved in the deep images. Furthermore,
statistics used to determine whether single-Se´rsic or two-component (e.g., bulge+disc)
models are required become more bimodal in the deep images. Lastly, we show that
asymmetries are enhanced in the deep images and that the enhancement is positively
correlated with the asymmetries measured in Legacy images.
Key words: catalogues – surveys – galaxies: general – galaxies: photometry – galax-
ies: fundamental parameters – galaxies: structure
1 INTRODUCTION
Morphology is the visual connection to the formation and
evolutionary histories of galaxies. From a theoretical per-
spective, observed stellar structure is tied intricately to these
histories. Stellar discs are built-up from gas that either col-
lapsed gravitationally from a protogalactic cloud in a rotat-
ing dark matter halo (White & Rees 1978; Fall & Efstathiou
1980) or was accreted at least semi-coherently with the ro-
tation of a pre-existing galaxy (Keresˇ et al. 2005; Sales et al.
2012; Stewart et al. 2013; Danovich et al. 2015). Amongst
stellar bulges, the observed agreement between classical
dispersion-supported bulges and elliptical galaxies across a
? E-mail: cbottrel@uvic.ca
number of key scaling relations (e.g., Kormendy 1977; Faber
& Jackson 1976; Djorgovski & Davis 1987; Dressler et al.
1987; Fisher & Drory 2008; Gadotti 2009; Fisher & Drory
2010; Kormendy & Bender 2012), the black-hole mass vs.
bulge velocity dispersion relation (Kormendy et al. 2011;
Kormendy & Ho 2013), and the similarity of their stellar
populations (Moorthy & Holtzman 2006) suggest a similar
and coordinated formation mechanism. Mergers are widely
regarded as key suspects due to broad theoretical compat-
ibility with these observed similarities (Lynden-Bell 1967;
Toomre & Toomre 1972; Toomre 1977; Negroponte & White
1983; Barnes 1988; Hernquist 1992; Hopkins et al. 2008,
2009; Taranu et al. 2013; Rodriguez-Gomez et al. 2017; Mar-
tin et al. 2018). Meanwhile, a class of morphologically and
kinematically disc-like pseudo-bulges which do not neatly
© 2018 The Authors
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subscribe to trends shared by classical bulges and ellipticals
(see Kormendy & Kennicutt 2004 for a review) are observed
as downward dips in the stellar velocity dispersion at the
centres of galaxies and are often linked to secular formation
through disc instabilities (Emsellem et al. 2001; Ma´rquez
et al. 2003; Falco´n-Barroso et al. 2006; Peletier et al. 2007).
Accurate characterization of morphology is therefore of enor-
mous astrophysical importance because the allocation of
stars to the bulge and disc and their structures encode the
dominant physical processes in a galaxy’s formation (e.g.,
Berg et al. 2014; Bluck et al. 2019).
The dominance of a stellar disc or bulge forms the ba-
sis of most visual morphological classification schemes while
additional stellar components can motivate splitting of the
main track into parallel sequences (Hubble 1926, 1936; de
Vaucouleurs 1959; Sandage 1961). However, purely visual
morphology classification has limited capacity for compari-
son with theoretical predictions. Intrinsic subjectivity in vi-
sual classification combined with the enormous scale of mod-
ern galaxy surveys demands robust and quantitative char-
acterization of galaxy morphology. This demand has been
met with a wealth of tools for accurately characterizing
the global and/or component structures based on galaxy
surface-brightness distributions (Peng et al. 2002; Simard
et al. 2002; de Souza et al. 2004; Lotz et al. 2004; Conselice
2006; Me´ndez-Abreu et al. 2008; Vika et al. 2013; Ciambur
2015; Robotham et al. 2017). These tools enable routine
and reliable separation of bulge and disc light in tens to
hundreds of thousands of galaxies (e.g., Allen et al. 2006;
Benson et al. 2007; Simard et al. 2011; Lackner & Gunn
2012; Kelvin et al. 2012; Meert et al. 2015). Indeed, mar-
riage of visual and quantitative morphologies on such large
scales may provide even more accurate descriptions of galaxy
structures that go beyond the bulge and disc. Recent work
by Kruk et al. (2018) has shown that it is possible to use
statistics for visual morphologies harvested from the Galaxy
Zoo citizen-science project (Lintott et al. 2008; Willett et al.
2015) as priors on the forms of models used in quantitative
photometric decompositions. Given that the same quanti-
tative and visual methods can now be employed on realis-
tic mock-observations of galaxies produced in large-volume
cosmological hydrodynamical simulations (e.g., Vogelsberger
et al. 2014; Schaye et al. 2015; Pillepich et al. 2018), the
capacity with which observed structures may be compared
with theoretical predictions has never been better (e.g., Sny-
der et al. 2015; Bottrell et al. 2017a,b; Dickinson et al. 2018;
Rodriguez-Gomez et al. 2019).
But just how robust are these quantitative measure-
ments? If the bulge-to-disc (B/D) or bulge-to-total (B/T)
light ratios encode the above-mentioned formation histories,
then accurate characterization of these quantities and their
limitations within large galaxy surveys is vital. A classic test
of the sensitivity of measured parameters to various met-
rics for image quality is to insert analytic galaxy bulge+disc
models into real survey fields and to evaluate their recov-
ery (e.g., Simard et al. 2002). However, these tests do not
capture the systematic and random errors that arise from
additional substructure in the bulge and disc components
or, indeed, structures that are neither bulge nor disc. In-
stead, comparisons of structural measurements obtained for
real galaxies in images of varying quality do capture these
biases and enable a more critical evaluation of the sensitivity
of measured quantities (e.g., Lotz et al. 2004, 2006; Lisker
2008). Thus far, no such image-quality comparison has been
performed to evaluate the limitations for the measured prop-
erties of galaxies in the bulge/disc decomposition analysis of
1.12 million galaxies by Simard et al. (2011) (hereafter S11)
using Sloan Digital Sky Survey (SDSS) Legacy photometry
(Abazajian et al. 2009). The deep co-added images offered
for the SDSS Stripe 82 (Annis et al. 2014, hereafter A14)
provide the ideal basis for such a test – extending 1.6-1.8
magnitudes deeper than the Legacy single-pass images. Hav-
ing been combined from images taken with the same instru-
ment and resulting in images with similar spatial resolution,
the deep co-adds offer a direct look at how the measured
properties of galaxies respond to depth alone. Furthermore,
we may expect that faint substructures that were previously
inaccessible in Legacy are revealed in the deep images.
In this paper, we characterize the extent to which
structural measurements for galaxies derived from paramet-
ric two-dimensional surface brightness decompositions are
robust to improved depth. To do so, we compare struc-
tural measurements taken from existing catalogs using SDSS
Legacy photometry (Simard et al. 2011; Mendel et al. 2014)
to those in a new set of publicly available catalogs for galax-
ies in the SDSS Stripe 82 deep co-add images. Surface-
brightness decompositions are performed using the gim2d
IRAF software (Simard et al. 2002). As such, our compar-
ison of ugriz structural measurements in deep and shallow
images is entirely self-consistent. This paper is structured as
follows. Section 2 provides a description of the salient fea-
tures of the SDSS image acquisition, features, and definitions
that are relevant to creation of the co-adds. We also describe
the galaxy sample selection and provide a characterization of
typical spatial resolution in the co-adds. Section 3 describes
the decomposition models, methods, and catalogs. Section
4 compares the global and component structures, statistics,
and asymmetries of galaxies in the deep and shallow images.
Our main results are summarized in section 5. All rest-frame
quantities and distance measures computed for the catalogs
and for this paper assume a (H0,Ωm,ΩΛ) = (70 km/s/Mpc,
0.3, 0.7) cosmology and magnitudes are quoted in the AB
magnitude system (Oke & Gunn 1983).
2 DATA
In this section we describe the imaging methods, construc-
tion of the co-add images, and galaxy selection criteria. We
also provide a brief characterization of image quality in the
co-add images with respect to the single-epoch images.
2.1 The Sloan Digital Sky Survey
SDSS Legacy imaging was performed with the dedicated 2.5-
m wide-field telescope at Apache Point Observatory (APO)
in New Mexico (Abazajian et al. 2009). A total of around
45,000 square degrees of science quality images across five
broad bands (ugriz) were produced during operation and
calibrated to the AB magnitude system (Oke & Gunn 1983).
Taken together, the imaging covers a unique footprint of
8,423 square degrees of sky. The telescope and distinctive
terminology used to describe its imaging are presented in
Gunn et al. (2006) and Stoughton et al. (2002), respectively.
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Imaging strips are integrated in drift-scan mode along great
circles to form six parallel scanlines (one for each camera
column) – each 13.5 arcmin wide. Two interleaving strips,
filling in the gaps and overlapping slightly between scanlines,
make a single stripe that is 2.5 degrees in width (York et al.
2000).
DR7 imaging is complimented by a 640-fiber-fed pair
of multi-object double spectrographs with coverage from
3800−9200A˚ at a resolution of λ/∆λ ' 2000. The SDSS DR7
Main Galaxy spectroscopic sample consists of a magnitude-
limited sample of 928,567 galaxies complete to a Galac-
tic extinction-corrected Petrosian magnitude limit mr,Petro =
17.77 (Schlegel et al. 1998; Strauss et al. 2002).
2.2 Stripe 82
The SDSS Stripe 82 resides at −1◦.25 < δ < +1◦.25, −50◦ <
α < +60◦ along the celestial equator in the Southern Galac-
tic Cap. Repeated imaging runs of Stripe 82 were carried
out to enable stacking of images and reach fainter magni-
tudes. Images from Stripe 82 runs 125 ≤ run ≤ 5924 were
used in the Annis et al. (2014) stacks – numbering 123
runs in total. This selection rejects a large number of the
original 303 total runs that were taken under poor seeing,
bright/moonlit sky, and/or non-photometric conditions. In-
dividual fields of poor quality were then rejected based on
quantitative cuts to the r−band seeing, sky brightness, at-
mospheric transparency, and number of standard calibrat-
ing stars. The matching ugiz frames which did not sat-
isfy the corresponding r−band quality cuts were also re-
jected. As such, the effective number of images used in
the co-add stacks varies along the Northern and Southern
strips from 15 to 34. The depth is therefore not perfectly
homogeneous and varies at most by around 0.4 mag be-
tween the shallowest and deepest co-add fields. On average,
the stacks go ∆(u, g, r, i, z) = (1.6, 1.8, 1.6, 1.6, 1.8) magnitudes
deeper than the single-epoch SDSS Legacy images based
on 50% completeness limits for point sources. For refer-
ence, the average 50% completeness limits for point sources
in the single-pass Legacy images are (u, g, r, i, z)Legacy =
(22.3, 23.2, 23.0, 22.6, 21.1) magnitudes. These limits are de-
termined by inserting and measuring recovery of artificial
point-source models into the respective single-epoch and
stacked image fields (Fliri & Trujillo 2016).
Stacks were also constructed by Jiang et al. (2014) and
Fliri & Trujillo (2016) (hereafter IAC) which each achieve
1.7-1.9 mag and 1.7-2.0 mag improved depth compared to
the single-epoch images, respectively (again with stellar 50%
completion limits as the metric) – improving slightly on the
depth achieved in the A14 stacks. Unlike A14, the Jiang
et al. (2014) stacks use all Stripe 82 runs with less strict
cuts on input image quality and a slightly modified weighting
scheme. In particular, use of images with significant moon-
light or strong variations in sky brightness along the drift
direction without overly degrading quality in the stacks was
facilitated by their background subtraction method – which
efficiently handles such cases. Fliri & Trujillo (2016) take a
completely different approach in the IAC stacks. Instead of
attempting to remove the sky, they deliberately place special
emphasis on preserving low surface brightness structures on
all spatial and intensity scales. Rejecting about 1/3 of the
Stripe 82 runs with the poorest quality, their stacks offer
the depth and resolution to examine stellar streams, ultra-
diffuse galaxies, intracluster light, and even the dust fila-
mentary structure of our Galaxy via optical cirrus.
The quality of the stacked images is sensitive to the
combination procedure and therefore may be optimized for
specific science objectives. In particular, the A14 stacks were
designed to enable processing of the co-adds using the SDSS
standard measurement code, PHOTO (Lupton et al. 2001,
2002, 2012). For our purposes, this choice offers three main
advantages over other stacking strategies for a small cost
in depth: (1) the SDSS collaboration has thoroughly tested
the PHOTO pipeline and characterized the uncertainties in the
measurements made by its algorithms; (2) consistency be-
tween the methods and measurements for the single-epoch
images and stacks; and (3) the data access architecture in
the Catalog Archive Server (CAS) and Data Archive Server
(DAS) are conveniently consistent with the single-epoch im-
ages. A14 also imposed strict quality cuts and an unforgiving
quality-weighting scheme for the images considered in the
co-adds. For our purposes, these factors facilitate the most
straight-forward comparison between quantitive morpholo-
gies of galaxies in the A14 stacks and the Legacy images.
2.3 Estimation of the sky and total variance
Accurate modelling and meaningful uncertainties in model
parameters rely crucially on a correct interpretation of noise.
As with a single-epoch image, the total variance in a cali-
brated co-add image pixel is well approximated by:
σ2tot = σ
2
source + σ
2
sky = (Isource − 〈Isky〉)/Geff + σ2sky (1)
where Isource − 〈Isky〉 is the background-subtracted source in-
tensity measured in the pixel (D.U.) and Geff is the effective
gain (electrons/D.U.) of the stacked image. The variance in
a co-add image pixel intensity derives from noise contribu-
tions from the individual input images which are generally
non-homogeneous in S/N. However, the sky variance, σ2sky,
can be measured directly and locally around a particular
galaxy in the co-add images. We use the approach of S11 to
estimate σ2sky. First, SExtractor (Bertin & Arnouts 1996)
is used to delineate between sources and sky and to deblend
pixels in overlapping sources. The SExtractor parame-
ters were calibrated in S11 using sensitive tests based on
the results of subsequent bulge+disc decompositions with
gim2d: the size luminosity relation of discs and the colour-
magnitude diagrams and fiber colours of pairs in the Pat-
ton et al. (2011) pair catalog. The resulting SExtractor
segmentation image is used to measure the local sky level
and noise around the target source in the co-add image.1 A
minimum of 20,000 of the nearest sky pixels to the target,
excluding those within four arcseconds of any source pixel,
are used to estimate the local sky level and variance. We
assume that the readout noise is captured by this direct sky
noise estimate. The source Poisson variance in Equation 1
is then estimated in each target pixel using sky-corrected
1 A corrected co-add image is already subtracted by a standard
estimate of the global sky. Therefore, we measure a local residual
sky level with respect to this estimate in the corrected co-add
image.
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intensities and the effective gain that can be obtained from
the corresponding atlas image headers.
2.4 Spatial Resolution
The modified version of PHOTO that was used for the Stripe
82 co-adds models the spatial variation of the Point-Spread
Function (PSF) using the suitably weighted sum of the
model PSFs from the input image fields – for which the
spatial variations were already separately determined. The
weighting scheme is designed such that images with the best
seeing have higher weights in the co-add construction. Figure
1 compares the median spatial resolution along each scan-
line in the co-add images (red markers), the DR7 Legacy
images used in the S11 decompositions (black markers), and
the full ensemble of input images used in the co-add stacks
(grey markers). Measurements for the PSF were taken from
the SDSS field tables for Stripe 82 and DR7. The S11 de-
compositions used Stripe 82 runs: (2583, 2662, 3325, 3388,
2738, 2659) from Legacy. The spatial resolution in the Stripe
82 co-adds is ∼ 0.1” poorer than in the Legacy fields but is
more homogenous along each scanline; reducing the typical
scatter from ∼ 0.3” to ∼ 0.1”. The median seeing and its
scatter are improved in the co-adds with respect to the full
set of input images – as expected from the image weight-
ing strategy. The main difference between the Legacy and
co-add input fields is the co-add inputs include images from
the SDSS-II SNeS project runs which were generally taken
under poorer photometric conditions. Fields from these runs
generally have small weights in the co-add construction but
are more numerous than Legacy fields; offsetting the median
seeing to poorer quality.
2.5 Galaxy Sample Selection
We select galaxies from the SDSS DR7 spectroscopic galaxy
catalog that are previously analyzed by S11 and which reside
in Stripe 82. This provides a sample of 16,908 galaxies for
which decompositions in the deeper images can be directly
compared with the more shallow reference decompositions
from S11. We avoid misclassified non-galaxy sources in our
galaxy sample by selecting targets determined to be galaxies
from SDSS fiber spectroscopy. Consequently, we have spec-
troscopic redshifts for all galaxies in our sample. Further-
more, galaxies from the S11 decompositions all have Pet-
rosian magnitudes mr,Petro ≤ 17.77 mag – the faint limit of
the SDSS Legacy spectroscopic sample. Our selection, com-
bined with ∼ 1.6 − 1.8 magnitudes deeper imaging for this
large galaxy sample, enables at least two unique experiments
using bulge+disc decompositions. First, we can investigate
the impact of added depth on global and component prop-
erties. Second, components and asymmetric structures that
may previously have been too faint for accurate characteri-
zation, or indeed detection, in the single-epoch images may
be better characterized in the Stripe 82 co-adds.
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Figure 1. Characterization of spatial resolution in r-band co-
add images. Point-spread function FWHM are obtained from the
respective co-add and single epoch field tables and are mea-
sured from 2D gaussian fits to the point-spread function in each
(co-add) image field. Points show the medians and 16th − 84th per-
centiles of PSF FWHM for all co-add stacks (red), single-epoch
DR7 Legacy (black) fields, and co-add input fields in each of the
12 scanlines. Black and grey markers are offset by 0.05◦ right and
left of their respective bin centres for clarity. Input co-add fields
(grey) include also SDSS-II Supernovae Project runs which have
poorer photometric standards standards than Legacy fields.
3 DECOMPOSITIONS AND CATALOGS
3.1 Photometric Decompositions
To be consistent with the analyses of S11 and Mendel
et al. (2014) in shallower images, we use the same analysis
pipeline for our decompositions in Stripe 82. Quantitative
morphologies were obtained using the parametric surface-
brightness decomposition tool gim2d. An important feature
of the gim2d software is that it uses a Bayesian Metropolis-
Hastings maximum-likelihood optimization algorithm (but
see also ProFit; Robotham et al. 2017). As such, the best-
fitting model parameters are largely insensitive to the vol-
ume of parameter space in which optimization iterations be-
gin. The nature of the Metropolis-Hastings algorithm is that
there is always a finite probability of leaving a position of
greater likelihood for a position of lesser likelihood. There-
fore, the algorithm need not settle at a local maximum but
can escape to (hopefully) converge on the global maximum.
Each galaxy was fitted using three models:
• (ps) single-component Se´rsic profile
• (n4) two-component nb = 4 bulge and exponential disc
• (fn) two-component free-nb bulge and exponential disc
The parameters of these models are described in S11. As in
Mendel et al. (2014), we perform ur, gr, ir, and zr pair-
wise simultaneous surface-brightness decompositions. The
MNRAS 000, 1–28 (2018)
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r−band mask from SExtractor is used for all images to
avoid inconsistencies in pixel allocations in each band. Sim-
ilarly, following Mendel et al. (2014), structural parameters
in each band of a pairwise simultaneous fit are forced to be
the same. These tied structural parameters are the bulge ef-
fective radius, bulge ellipticity, bulge Se´rsic index, disc scale
length, disc inclination, and bulge and disc position angles.
Total galaxy magnitudes, bulge-to-total fractions, and cen-
troid offsets are free to vary in each band of a pairwise fit.
In addition, following Mendel et al. (2014), the struc-
tural parameters for ur, ir, and zr pairwise fits were fixed
to values first derived in gr decompositions (with the ex-
ception of Se´rsic index in the ps decompositions – which
is allowed to vary freely in each pairwise fit; see Appendix
A of Mendel et al. 2014 for discussion). As such, the only
truly independent structural measurements are those de-
rived in the gr simultaneous decompositions – the struc-
tural measurements of all other pairwise decompositions for
a given model type (ps, n4, fn) are held fixed to the gr
values. Consequently, this method does not offer the flexi-
bility required to capture the known wavelength dependence
of galaxy structural parameters that has been identified us-
ing more rigorous multi-wavelength models (e.g., Sigma–
Kelvin et al. 2012; and MegaMorph– Ha¨ußler et al. 2013;
Vika et al. 2013). Such a model is not employed here because
our primary goal is to characterize the impact of improved
imaging depth on the Mendel et al. (2014) and Simard et al.
(2011) decomposition measurements. Exploiting the same
model and analysis pipeline is of fundamental importance
to the nature of this task. So while the wavelength depen-
dence of galaxy magnitudes and bulge-fractions in our mod-
els can be largely considered independent for each band,
the structural parameters that are held fixed across bands
cannot. Mendel et al. (2014) adopted this (albeit restric-
tive) multi-wavelength strategy to suitably construct a ro-
bust broadband SED for each galaxy which would not be
strongly affected by the covariances between model param-
eters for sources that are faint in any particular band. In
summary, any changes to uiz model structural parameters
are entirely due to changes in the gr decomposition results
(by construction). But total magnitudes, bulge and disc frac-
tions, and corresponding component magnitudes are inde-
pendent in each band. Any changes to these features are re-
flections of the improved constraints provided by the deeper
images.
Our fiducial n4 model adopts an nb = 4 Se´rsic profile
for the bulge. The choice of Se´rsic index for bulge compo-
nent models in galaxy surface-brightness decompositions has
been a long-standing debate in the literature – ultimately re-
solving that a continuous range of bulge profile shapes must
exist (Andredakis & Sanders 1994; Andredakis et al. 1995;
de Jong 1996; Khosroshahi et al. 2000; Graham 2001; Mo¨l-
lenhoff & Heidt 2001; MacArthur et al. 2003; Graham &
Guzma´n 2003; Balcells et al. 2003; Kormendy & Kennicutt
2004; Fisher & Drory 2010; Laurikainen et al. 2010; see also
Graham 2013 §2 and §4 for a review). At the heart of the re-
maining challenges to bulge characterization is whether Se´r-
sic index can be used to classify and discriminate between
bulges of different formation mechanisms. The challenge is
exacerbated by the presence of additional structural compo-
nents such as bars, excess nuclear light, and internal lenses
(rings that do not derive from gravitational lensing) which
are known to affect structural measurements – in particular
the bulge-to-total fractions, B/T (Graham & Guzma´n 2003;
Laurikainen et al. 2005; Peng et al. 2010; Laurikainen et al.
2013). Without independent priors for the presence of such
features (e.g., by thorough visual inspection of each galaxy’s
surface brightness profile), adding model components will
only serve to create degeneracies between model parameters
and produce meaningless results. Recently however, Kruk
et al. (2018) have shown that visual classification from the
Galaxy Zoo citizen science project (Lintott et al. 2008) can
serve as useful priors for using additional components in the
decompositions. Calibration of such priors and their imple-
mentation is beyond the scope of the present work.
The Stripe 82 co-adds present an opportunity to inves-
tigate whether added depth enables better characterization
of the bulge profile. S11 showed that the majority of galaxies
in the single-epoch images had insufficient S/N and/or spa-
tial resolution to discriminate between bulge profiles. Figure
1 shows that improved characterization of the peak due to
better seeing is not expected. The seeing in a co-add im-
age is not improved in quality (indeed, it is slightly poorer)
compared to a corresponding single-epoch Legacy image. As
such, changes to measurements due to seeing are generally
not expected. As for depth, the 1.6-1.8 magnitude improve-
ment (factor of 4.4-5.2 in S/N) should increase the number
of pixels assigned to objects in the deblending – as more
will meet the intensity threshold with respect to the sky
noise. Larger footprints and more degrees of freedom make
the fits slower, but enable better characterization of the low
surface-brightness limits of galaxy profiles. With respect to
the bulge, the increase in S/N should improve delineation of
the sky from the wings of the bulge profile – which is also
important for accurate bulge characterization.
3.2 Tables & Catalogs
Catalogs for the photometric decompositions are made avail-
able in plain text and Structured Query Language (SQL)
format. The catalogs have the same naming convention and
structures as the S11 public catalog. The salient features of
each table are shown in Table 1. The basic structure and
parameters of each catalog are shown in Table B1 in Ap-
pendix B. Uncertainties on model parameters are the 16%
and 84% confidence limits acquired by sampling the conver-
gence region about the best-fitting model after convergence.
The statistical uncertainties on observed fluxes from gim2d
are lower limits, which do not account for additional uncer-
tainties arising from relative and absolute SDSS photometric
calibration and sky subtraction. Mendel et al. (2014) used
Monte Carlo simulations of analytic bulge+disc models in
SDSS fields to confirm that the gim2d statistical uncertain-
ties and the rms noise in the sky background are consis-
tent with the total uncertainties in the recovery of simu-
lated galaxy fluxes. Additionally, an uncertainty of ∼ 3% in
griz and ∼ 5% in u bandpasses arises from the relative and
absolute photometric calibrations. Taken together, the com-
bination of these three sources of uncertainty account for
the total uncertainties in the model fluxes.
MNRAS 000, 1–28 (2018)
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Figure 2. Bulge+disc decompositions in SDSS ugriz bands for a single randomly selected galaxy in our sample. Each pair of columns
(reading the figure in landscape) shows the decomposition results for a corresponding band in Stripe 82 (left columns) and DR7 Legacy
(right columns). The galaxy models in the right columns are constructed from the S11 results. Each image, with the exception of the
mask, includes a ruler on the upper left measuring 3 arcsec. First row : science image cut-outs; Second row : mask image generated with
SExtractor from the r-band image frame (pixels with the same colour as the central pixel belong to the source, black=sky, and all
other colours are deblended sources); Third row : n4 disc model with disc apparent magnitude, disc scale length (arcsec), and disc position
angle; Fourth row : exponential disc model residual; Fifth row : n4 bulge model with apparent bulge magnitude, bulge effective radius
(arcsec), and bulge Se´rsic index (always 4.0 in this case); Sixth row : bulge model residual; Seventh row : full n4 model with total apparent
magnitude, half-light radius (arcsec, derived from the combination of the bulge and disc model), and bulge-to-total fraction; Eighth row :
n4 model residual. The bulge+disc model residual images use a linear greyscale in which the contrast limits are set to (−5, 5)σsky,S82.
All other images use a logarithmic greyscale in which the contrast limits are set to (0.01,I10) nanomaggies where I10 is the maximum
intensity within 10 pixels of the target galaxy barycenter.
MNRAS 000, 1–28 (2018)
Stripe 82 deep image morphologies 7
Table 1. Photometric decomposition catalogs. Fits using each of the three models are performed simultaneously in two bandpasses –
one of which is always the r−band. Structural parameters (bulge effective radius, bulge ellipticity, disc scale length, disc inclination, and
bulge and disc position angles) are either free or fixed to the gr results as indicated. The model’s (bulge) Se´rsic index is also either free
or fixed to the gr results as indicated (though it is always free in the single Se´rsic component model decomposition). The number of
successful fits to each bandpass pair, Nsuccess, is shown in the final column.
Catalog Name Decomposition Model Bandpasses Structural Parameters (Bulge) Se´rsic index Nsuccess
sdss_s82_morph_gr_n4 nb = 4 bulge + exp. disc g and r Free Fixed nb = 4 16,822
sdss_s82_morph_ur_n4 nb = 4 bulge + exp. disc u and r Fixed to gr Fixed nb = 4 16,672
sdss_s82_morph_ir_n4 nb = 4 bulge + exp. disc i and r Fixed to gr Fixed nb = 4 16,663
sdss_s82_morph_zr_n4 nb = 4 bulge + exp. disc z and r Fixed to gr Fixed nb = 4 16,704
sdss_s82_morph_gr_ps single free-n Se´rsic g and r Free Free 16,892
sdss_s82_morph_ur_ps single free-n Se´rsic u and r Fixed to gr Free 16,764
sdss_s82_morph_ir_ps single free-n Se´rsic i and r Fixed to gr Free 16,724
sdss_s82_morph_zr_ps single free-n Se´rsic z and r Fixed to gr Free 16,729
sdss_s82_morph_gr_fn free-nb bulge + exp. disc g and r Free Free 16,822
sdss_s82_morph_ur_fn free-nb bulge + exp. disc u and r Fixed to gr Fixed to gr 16,707
sdss_s82_morph_ir_fn free-nb bulge + exp. disc i and r Fixed to gr Fixed to gr 16,681
sdss_s82_morph_zr_fn free-nb bulge + exp. disc z and r Fixed to gr Fixed to gr 16,664
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Figure 3. Difference in total apparent magnitudes of galaxies obtained from Stripe 82 co-adds and DR7 Legacy images with the n4
decomposition model. The r−band magnitudes are taken from the gr decomposition catalogs. Contour lines show percentiles of the
magnitude difference distributions, ∆mx,DR7−S82, in each panel. Dashed lines denote ∆mx,DR7−S82 = 0. Coloured markers show the median
in each bin with error bars corresponding to the 16 − 84 percentile range in bins of 0.4 mag along mx,S82. Lines extending from the
magnitude axis denote (from left to right) the {95%, 84%, 68%, 50%, 32%, 16%, 5%} percentiles of the local mean sky measurement
uncertainties, σ〈sky〉 (mag) in the Stripe 82 fits (dotted, not visible in any panel) and Legacy fits (solid, only visible in the u−band).
As a pedagogical example of how to interpret these lines, 5% of DR7 u-band mean sky surface brightness uncertainties correspond to
magnitudes brighter than mu ≈ 20.2 mag. Note that the Legacy 50% σ〈sky〉,u peak coincides with the sudden decrease in Stripe 82 u−band
brightnesses relative to Legacy. Legacy brightness measurements have difficulty penetrating the sky noise at these limits.
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objID: 587730845817438538; morph: n4
s82 u-band stamp dr7 u-band stamp
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s82 u-band stamp dr7 u-band stamp
science mask science mask
u-disk model
21.5 4.1 30.8
u-disk model
21.4 2.5 39.6
u-disk residual u-disk residual
u-bulge model
21.8 1.7 4.00
u-bulge model
24.5 0.6 4.00
u-bulge residual u-bulge residual
u-B+D model
20.9 4.5 0.42
u-B+D model
21.3 4.1 0.05
u-B+D residual u-B+D residual
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Figure 4. Similar to Figure 2 but now each pair of columns pertains to an individual galaxy’s u−band Stripe 82 and Legacy decom-
positions. The first pair of columns shows a galaxy that is generally representative of the positive ∆mu,DR7−S82 scatter at faint u−band
magnitudes in Figure 3 owing to substantially improved visibility in the Stripe 82 co-adds. Despite this improvement, the change in total
u−band apparent magnitude for this galaxy is relatively small ∆mu,S82−DR7 ≈ 0.1 mag. The second, third, and fourth pairs of columns
show galaxies with mu,DR7 > 20.5 mag and larger positive offsets in ∆mu,DR7−S82. In the second and fourth pairs of columns, the galaxies
are virtually invisible in the Legacy images. In the third case, the galaxy is visible but is still noise-dominated – resulting in similar
under-estimated total apparent magnitude. The fifth pair of columns shows an example characteristic of the downward systematic in the
u−band panel of Figure 3. It shows a galaxy for which the Stripe 82 total apparent magnitude is significantly fainter than in Legacy and
practically invisible in the shallower image.
4 COMPARISON WITH LEGACY RESULTS
Our galaxy sample selection and consistency in methodology
enable direct comparison of decomposition results from the
co-adds and shallower Legacy images. Changes to integrated
galaxy properties (accounting total flux contributions from
all model components – whether single-component or multi-
component) such as total galaxy magnitudes and galaxy
half-light radii are not expected to change drastically among
galaxies with surface brightnesses that are well within the
Legacy detection limits of each bandpass. For example, Fig-
ure 2 shows a mosaic of n4 decomposition results for a single
randomly selected galaxy in the range 15 < mr < 16 covering
each band for both the Stripe 82 co-adds and corresponding
Legacy images. Despite a visibly significant improvement in
image quality in the co-adds, total magnitude and half-light
radius measurements in each band are largely unchanged –
even in the u− and z− bands where the starkest contrast in
image quality is seen.2 In the next section, we will show that
this consistency holds for most galaxies in our comparison.
However, galaxies at the thresholds of the Legacy detection
limits stand to see improved constraints on their integrated
properties. As for the components, it is of particular interest
2 Although, note that if the gr structural parameters are not
changed, then the reason that uiz half-light radii do not change
can be partly by construction – the bulge and disc structures in
these bands are tied to the gr bulge and disc structures. How-
ever, the magnitude of each component is fully independent in
each band. Therefore, one can still have band-specific changes
in half-light radius even where the structures of bulge and disc
components are fixed.
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whether the added depth can better discriminate the light
emerging from the bulge and disc. In this section, we com-
pare the n4 decompositions for galaxies in Stripe 82 co-adds
and Legacy images.
4.1 Total magnitudes
The total flux from all model components should always be
conserved in any decomposition that uses the same degrees
of freedom and model parametrization. In other words, sim-
ilar models fitting the same set of pixels should recover the
same total flux – even when other best-fitting model param-
eters may differ (e.g., degeneracy). The number of degrees
of freedom in a 2D surface brightness decomposition is equal
to the number of pixels used in the fit, Npixfit, subtracted by
the number of free parameters in the model. This quantity
is not conserved in our comparisons, as the increased S/N
in the co-adds extends the source masks when deblending
objects from sky – increasing Npixfit often substantially (for
example, see the second row of panels in Figure 2). However,
since the total magnitudes are computed by integrating the
model fluxes to infinity, increases to the sizes of the object
footprints should not change their measured fluxes unless
the signal at extended radii necessitate changes to the struc-
tural parameters. It is one of the goals of the current work
to examine whether the added depth imparts such changes.
Figure 3 shows that the total galaxy light is largely
conserved. The median offsets in total apparent mag-
nitude for all galaxies in each band are ∆m50%
u,g,r,i,z
=
(+0.037,+0.022,+0.021,+0.020,+0.019) mag (DR7-S82). The
most notable exception is the u−band which has the poorest
response and in which many galaxies are also intrinsically
fainter. Mild median systematic trends in ∆mx,DR7−S82 are
clear in each bandpass. The brightest galaxies get boosts to
their total fluxes in the co-add measurements with respect
to Legacy. At the faint end, a systematic trend is notable in
the u−band – where the median systematic magnitude offsets
first increase slightly (brighter in the co-adds) at mu . 19.5
mag then drop rapidly at mu . 21.2 mag (becoming fainter
in the co-adds). To understand this systematic, Figure 3 also
shows percentiles in the DR7 (solid) and Stripe 82 (dotted)
mean local sky uncertainties, σ〈sky〉 , expressed as magni-
tudes (rather than relative magnitude offsets as used in, for
example, Appendix B). These are computed:
σ〈sky〉(mag) = −2.5 log10
(
σsky(maggies/arcsec2)
× √Npixfit × pixel_scale2
)
(2)
where σsky is the local sample sky surface brightness un-
certainty we measure (see Appendix B, Eq. B1), Npixfit is
the number of pixels used in the fit, and pixel_scale is
the CCD plate scale of 0.396 arcsec/pixel. While these un-
certainties are too small to be seen in the panels for other
bandpasses, the sudden systematic drop in median Stripe 82
u-band brightness at mu ≈ 21 mag coincides with the median
in σ〈sky〉,DR7 in that band. So, while the Legacy flux measure-
ments for the faintest targets in the u−band can be limited in
their capacity to penetrate the sky noise, Stripe 82 measure-
ments go deeper and are able to properly characterize these
faint sources. In other words, given that the Legacy u−band
mean sky uncertainty measurements lay closer to the distri-
bution of galaxy u-band brightnesses, it is the u-band mag-
nitudes that stand to be most improved by the added depth
of the Stripe 82 co-adds.3 Visual inspection of the science
images and decomposition results for faint u−band galaxies
with mu,DR7 > 20.5 mag in the co-adds and Legacy revealed
that the vast majority of these galaxies are indeed barely (if
at all) discernible from the sky background in the Legacy
u−band images. Figure 4 highlights a few such cases in a
mosaic of decompositions for five individual galaxies in the
u−band. Cases in which a galaxy is barely detectable can
generate both negative and positive scatter in ∆mx,DR7−S82,
but have a stronger tendency towards negative offsets as the
model likely attempts to fit features of the noise.
Figure 5 shows two examples that are representative of
many faint galaxies whose fluxes were increased in the co-
add measurements. Despite the differences to the model pa-
rameters, the residuals are identical in quality. This result
suggests that we are not incorrectly over-estimating total
brightnesses in these faint systems in Stripe 82. Rather, the
enhanced fluxes in the models reflect true changes to the
faint end of the galaxy surface-brightness distributions with
respect to what is accessible in Legacy. It is possible that
changes to the model parameters are partially due to de-
generacies between structural parameters at these limits of
resolution and S/N. But if degeneracy was the dominant fac-
tor, the total magnitudes would be unchanged as long as the
residuals are consistent. A statistical approach to character-
ize the role of degeneracy in the decompositions follows in
Section 4.5. For now, we assert that the total fluxes in the co-
adds exhibit reduced systematics on model parameters due
to surface-brightness limits relative to the Legacy images
for our galaxy sample. We further investigate this assertion
by directly examining the total photometric uncertainties
for measurements of total and component magnitudes and
bulge-to-total fractions in Appendix A.
The Stripe 82 magnitudes of the brightest galaxies in
each band can be up to 0.1 mag (∼ 10%) brighter than the
DR7 magnitudes. This systematic difference in total flux
is likely due to changes to the measured light profiles at
extended radii – afforded by the increased S/N and conse-
quent galaxy footprint size in the mask image. Given that
our galaxy magnitudes are based on integrating the best-
fit models out to infinity, an improved characterization of
low-surface brightness wings in the light profiles of bright
galaxies may easily add up to a 10% total flux difference
for bright galaxies. Another likely culprit is that the local
sky level around each galaxy is more accurately estimated
in the Stripe 82 images than in Legacy. The increased foot-
print sizes of sources in the mask images (by an average of
246% relative to Legacy) mean that the local sky statistics
are computed from an ensemble of pixels that are farther
from all sources in an image. Given the environments that
the brightest and largest galaxies tend to live in and their
tendency to have highly extended stellar halos (e.g., Tal &
van Dokkum 2011), it is important to find balance between a
obtaining a truly local estimate of the sky and ensuring that
3 One should recall, however, that structural parameters in ur , ir ,
and zr in the n4 fits are fixed to the gr results in our experimental
design. So these parameters are not affected by any improvements
in the photometry of uiz bandpasses.
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the sky estimate is not overly contaminated by the extended
flux from bright targets or their neighbours.4 From Figure
3, we highlight while this contamination is undoubtedly the
source of suppressed fluxes for the brightest galaxies in S11’s
Legacy decompositions relative to Stripe 82, its effect is lim-
ited to ∼ 0.02 mag with the exception of the brightest bins
in each band.
4.2 Galaxy colours
The scatter in ∆mx,DR7−S82 is related to the photometric
depth in each bandpass and to the intrinsic brightnesses
of galaxies in each bandpass. The scatter is greatest in
the u−band, where the Legacy photometry is the poorest.
Brighter than mu,S82 ≈ 20 mag, this scatter is symmetric
and the median systematic offset is ∆mu,DR7−S82 . 0.02 mag.
Where it is symmetric, the scatter in ∆mx,S82−DR7 should be
the sum in quadrature of the total random and systematic
measurement uncertainties from the respective co-add and
Legacy decompositions with respect to the galaxies’ intrinsic
magnitudes – which are not known.
To illustrate which of the Stripe 82 and Legacy decom-
positions contribute most to the scatter shown in Figure
3, we compare their respective rest-frame colour-magnitude
diagrams (CMDs) in Figure 6. The tightness of the red-
sequence is a common metric for the constraints on global
galaxy colours and the precision of total flux measurements
(e.g., Simard et al. 2011). Figure 6 shows the distributions of
Stripe 82 and Legacy galaxies for four colours. Coloured lines
show contours of these distributions in bins of r−band B/T .
Most bulge-dominated galaxies live on the red sequence.
But a large number of red discs and red two-component
systems are also found there. The tightness in the red se-
quence is most improved in the u − r colours in the co-adds
compared to the Legacy colours. Note the large number of
outliers with high u − r in Legacy that are no longer out-
liers using the co-add measurements. In the g − r, r − i, and
r − z colours, the visible tightness of the red sequence is
mildly improved in the co-add decompositions. In general,
our results are consistent with a scenario in which the scat-
ter in the magnitude offsets, ∆mx,DR7−S82, is dominated by
larger measurement uncertainties in the Legacy decompo-
sitions. Both sets of decompositions, however, identify the
well-established trend that galaxies are typically redder as
they become more bulge-dominated (Strateva et al. 2001;
Kauffmann et al. 2003a; Blanton et al. 2003; Baldry et al.
2004; Balogh et al. 2004; Driver et al. 2006; Faber et al.
2007) – consistent with quenching scenarios which revolve
around growth of a compact stellar component (Kauffmann
et al. 2003b, 2006; Schiminovich et al. 2007; Bell 2008; Che-
ung et al. 2012; Fang et al. 2013; Lang et al. 2014; Omand
et al. 2014; Bluck et al. 2014; Woo et al. 2015; Bluck et al.
2016; Teimoorinia et al. 2016).
4 To justify this claim, we have separately confirmed that
∆mx,DR7−S82 and the Legacy residual sky offset between the local
gim2d sky and the full-frame SExtractor sky, db, are positively
correlated for galaxies with mr < 14.5 mag. However, the system-
atic suppression of total flux is limited primarily to targets in this
magnitude range and that also have high bulge-to-total fractions
(high Se´rsic indices) as predicted by Mendel et al. (2014) using
artificial galaxy simulations.
objID: 587731187283787918; morph: n4
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g-bulge residual g-bulge residual
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19.1 2.8 0.50
g-B+D residual g-B+D residual
Figure 5. Decomposition mosaics for two galaxies whose faint
g−band total magnitudes were brightened by the co-adds. Im-
proved characterization of the faint structure surrounding the cen-
tral galaxy is afforded by the co-adds in each case. The galaxy in
the left two columns switches from bulge-dominated in Legacy to
a composite bulge+disc system in the co-adds. An extended disc is
assigned to characterize the faint structure in the co-add images.
This new extended structure accounts for ∆mg,S82−DR7 = −0.5 mag
difference between the best-fitting bulge+disc models. The pan-
els on the right also shows a galaxy for which the disc becomes
brighter and larger in order to characterize the fainter structure.
The bulge model remains largely consistent. Additionally, a pos-
sible tidal stream is revealed between the central galaxy and the
interloper to its upper left. It is most visible in the disc-subtracted
co-add image.
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Figure 6. Rest-frame Colour-Magnitude Diagrams from n4 decompositions of galaxies in the co-adds (upper row of panels) and DR7
Legacy images (lower row of panels). Colours from each simultaneous xr decomposition are only correlated insofar as forcing the
structural parameters to be the same as those derived from the gr fits. Brightnesses of each component in each bandpass are free to vary
independently. Black markers show the full distribution of galaxy colours each panel. Coloured lines show the 86% density contours of
these distributions in 10 discrete bins of (B/T )r following the colourmaps displayed in each panel. For example, the dark red line shows
the 86% density contour for galaxies in the last B/T bin the range 0.9 ≤ (B/T )r ≤ 1.
The tightness of the red sequence is also a general indi-
cator of the effectiveness of deblending algorithms in mask-
ing the light emanating from nearby sources. If the deblend-
ing is poor and the colours of nearby objects differ from those
of the target galaxies, then the scatter in the red sequence
will be inflated. The visibly improved tightness of the red
sequence in the co-add colours indicates that the increased
S/N in the co-adds may improve deblending of interloping
light for crowded targets. This result may be particularly
useful for analysis of galaxy pair colours and the masses
that can be inferred from these colours.
4.3 Galaxy sizes
As with the total magnitudes, total galaxy sizes (e.g., Pet-
rosian and galaxy half-light radii) should be mostly con-
served barring galaxies at the detection limits. However,
even for galaxies with good photometry in Legacy, half-light
radii in the co-adds could benefit from improved constraints
on the extended light from the bulge or disc. In the previous
section, we asserted that the systematic increase in galaxy
fluxes measured in the co-adds was due to the increased
S/N at faint surface-brightnesses. We should then expect
to see a corresponding systematic increase in galaxy half-
light radii. Figure 7 shows this expected increase in galaxy
sizes using r−band galaxy half-light radii, rhl,galaxy,r, from
the gr n4 decompositions. Half-light radii are computed as
the semi-major axis radius of the ellipse in which half of the
total model flux is contained (circular aperture half-light
radii are also available in our catalogs). Similar to Figure
3, we plot the offset of the co-add sizes from the Legacy
sizes. The median systematic peaks at the bright end with
∆rhl,galaxy,r ≈ −0.03 dex or ∼ 7% and shallows at fainter mag-
nitudes. Figure 7 is focused on the r-band, but the same
trend was found in each other band (though, as for the
magnitude differences, with larger scatter). On some level
the consistency of this trend across each band is by con-
struction in the n4 fits – as the structural parameters of the
bulge and disc components are fixed to the gr results. How-
ever, because the magnitudes of the components (and con-
sequently B/T) are free to vary independently in each band,
half-light radii (which measure half-light radius of the full
model) can still change in each band due to varying bulge
and disc fractions.
The scatter in ∆rhl,galaxy,r will be partially driven by dif-
ferences in the segmentation maps. As discussed in previous
sections, the sizes of the SExtractor footprints for galax-
ies in the co-adds are larger on average than in the Legacy
images. There is an important consequence of having larger
maps and higher S/N in the deep stacks on galaxy size. The
increased S/N enables detection and deblending of sources
previously unidentified in the Legacy segmentation maps.
By deblending faint sources from the galaxy flux, their typ-
ically positive systematic on galaxy sizes can be reduced.
4.4 Bulge-to-total light fractions
So far we have focused on characterizing the integrated prop-
erties of galaxies. We now shift our attention to the the bulge
and disc components starting with bulge-to-total fraction,
B/T – a useful quantitative indicator of galaxy morphology.
Figure 8 shows the changes in B/T in the co-add and Legacy
images. The lower panel shows the B/T distribution for each
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Figure 7. Galaxy half-light radii measured the r−band from
the n4 decompositions. Median systematic offsets for all galaxies
taken together are typically small, but can be larger for particu-
lar B/T ranges. The largest median systematics were found to be
-0.05 dex at the bright end of 0.4 <B/T< 0.6.
set of decompositions taken from the respective n4 gr tables.
Interestingly, the peak at B/T = 0.5 in the Legacy images is
largely removed in the co-add results. The upper panel shows
the difference between the co-add and Legacy bulge-to-total
fractions in each band, ∆(B/T), plotted against the Legacy
B/T estimates in the r-band. Here we see that the B/T val-
ues which previously resided at the peak are enhanced in
the deeper images and that they fill up the deficit between
0.6 . B/T . 0.95. These results support the idea that the
peak at B/T = 0.5 in the Legacy decompositions is an arti-
fact that arises wherever there are very poor constraints on
a galaxy’s structure in the Legacy photometry. Such cases
will naturally tend to B/T ∼ 0.5 because it is the median
value of a flat B/T posterior probability distribution (i.e.
unconstrained B/T).
Note also the large number of galaxies with (B/T)DR7 =
1 in the upper panel of Figure 8 which now have nega-
tive offsets as large as ∆(B/T) = −0.4. While it should be
noted that values of ∆(B/T) > 0 are by definition impos-
sible for (B/T)DR7 = 1, the same is true for ∆(B/T) < 0
where (B/T)DR7 = 0 and no such strong clustering of positive
∆(B/T) is seen there. Are these discs being revealed by deeper
photometry of predominantly bulge-dominated galaxies? To
answer this question, we examine the underlying hypothesis
that the deeper images enable better discrimination between
single-component and two-component systems.
4.5 F-test statistics
Until now we have not considered the decomposition results
in the other tables. The integrated quantities (total magni-
tudes and galaxy half-light radii) for the ps and fn model de-
compositions broadly mirror the results from the n4 decom-
positions highlighted in the above subsections and compare
similarly with the matching values in Legacy. The quality of
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Figure 8. Galaxy bulge-to-total light ratios. The upper panel
shows the B/T offsets, ∆(B/T ), as a function of the B/T mea-
sured using Legacy photometry. The background contour map
shows the two-dimensional distribution in the r−band. Coloured
markers show the median and 16-84 percentile ranges in ∆(B/T )
measured in each bandpass. The lower panel shows the one-
dimensional B/T distributions from the Legacy (gray, shaded)
and Stripe 82 (black, empty) decompositions in the r−band.
the decomposition of a galaxy is characterized quantitatively
by the reduced χ2ν statistic of the model with respect to the
data and can vary significantly between models. However,
a direct comparison between the χ2ν for each model in our
hierarchy will always yield better χ2ν for the model with the
greatest number of degrees of freedom (up to Monte Carlo
error).
In order to discern whether the data demand a more
complex model over a simpler model, we compare the re-
sults from different models using the F-statistic (Simard
et al. 2011; Meert et al. 2013; Mendel et al. 2014). For each
decomposition model, we compute χ2ν , where ν is taken as
the number of resolution elements, Npix/(pi HWHM2psf), sub-
tracted by the number of free parameters in the model.5 The
5 The number of degrees of freedom takes a different definition
here than it does in the decompositions themselves, where ν is
the number of target pixels (those flagged as the target galaxy)
and sky pixels in the science image cut-out minus the number of
free parameters in the model.
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HWHM is the half-width at half-maximum of the PSF. The
F value is then the ratio of the χ2ν for each pair of models.
These F values are converted to corresponding probabilities
via the F-distribution. In our implementation, the F values
convert to probabilities that the more complex model is not
required to properly model the galaxy structure. In this way,
a more complex model is only favoured under the test if the
additional degrees of freedom offer substantial improvement
to χ2ν over a simpler model. The n4 table therefore includes
the PpS probability that an n4 decomposition is not required
to properly characterize the surface brightness distribution
of a galaxy relative to the ps decomposition. Similarly, the
fn table includes both PpS and Pn4 probabilities that the
fn decomposition is not required relative to the ps and n4
models, respectively.
Figure 9 shows the F-test results for our Stripe 82
galaxy sample in a comparison with Legacy values from S11.
Upper panels show the PpS probabilities computed from the
χ2ν of the best-fitting n4 and ps from the gr decomposi-
tions. An ideal indicator of whether a galaxy is a single- or
two-component system would yield a binary classification. In
practice, this idealized binary classification scenario reduces
to assignment of probabilities due to the presence of addi-
tional structures in galaxies (bars, stellar nuclei, etc.) and
the limitations of the photometry to reveal faint underlying
bulge or disc components. The upper left panel of Figure 9
shows that PpS from Legacy are centrally peaked and largely
concentrated around PpS = 0.5. This result demonstrates
that Legacy photometry offers little discriminating power
between the bulge+disc and single-component models. The
ambiguity in Legacy is largely eliminated in the co-add de-
composition results – which offer substantially improved
classification of galaxies as a single- or two-component sys-
tems. Panels to the right show the sensitivity of PpS dis-
criminating power to total apparent magnitude in the co-
adds (middle) and Legacy images (right). Both maps be-
come denser around PpS = 0.5 for fainter galaxies. But the
improved S/N in the co-adds greatly extends the magnitude
range over which the F-test probabilities yield a binary-like
classification.
Lower panels of Figure 9 show the Pn4 values computed
from the χ2ν of the best-fitting bulge+disc models using free
and fixed bulge Se´rsic indices. Analogous to PpS , the Legacy
images offer little discriminating power between bulge+disc
models of free and fixed nb. Legacy decomposition Pn4 values
are concentrated around Pn4 = 0.5 with almost no power at
the Pn4 ≈ 0 or Pn4 ≈ 1. While many of these ambiguous Pn4
are preserved in the co-add decompositions, a large fraction
are not. As with the PpS , the ability to discriminate between
bulge models is sensitive to a galaxy’s intrinsic brightness.
The concentration in the co-add Pn4 − mr,s82,fn map is still
broad, however. Nearly 50% of galaxies still have 0.25 <
Pn4 < 0.75 in the co-adds. This number is less than 25% for
PpS .
4.6 Galaxy and bulge Se´rsic indices
We have examined the differences in the distributions of
galaxy (ps fits) and bulge (fn fits) Se´rsic indices in the
Legacy and the co-adds. First, we note the criterion of our
methods that although Se´rsic index is allowed to vary in each
bandpass pair of the ps fits, the effective radius and axis ra-
tio are held fixed to the gr results. Furthermore, since the
r−band tends to have the best S/N, the optimization of Se´r-
sic index will rely most strongly on the r−band photometry
in cases when a target is faint in neighbouring bands. S11
showed that the S/N and spatial resolution in Legacy is often
limited in its capacity to characterize galaxy and bulge Se´rsic
indices – particularly for faint targets (hence a fiducial fixed
nb = 4 bulge in their two-component model). S11 also argued
and that the particularly large bump in the nb distribution
that they saw at nb = 4− 5 (compared to ng which showed a
more minor bump) is not some general property of physical
bulges but is more likely a statistical artifact of computing
the median of bulge Se´rsic index, marginalized over all other
parameters, in a likelihood space that does not respond sen-
sitively to changes in nb (i.e. a uniform posterior probability
distribution with hard limits 0.5 ≤ nb ≤ 8). Here, we de-
termine whether the added depth from the co-adds offers an
improved characterization of galaxy and bulge Se´rsic indices
given our foreknowledge of these existing systematics.
The upper four panels of Figure 10 compare the distri-
butions of galaxy Se´rsic indices, ng, from the ps model fits
to each pair of bandpasses (ur, gr, ir, zr). The ps Se´rsic in-
dex distributions for the ur, ir, and zr fits each show some
modest differences that are qualitatively similar to the trend
in B/T reported in Section 4.4. Fewer galaxies reside in the
bump at ng = 4−5 and the distribution is slightly more uni-
form at ng & 3 – with some galaxies moving from the bump
to higher and lower ng in the co-add fits. Interestingly, this
qualitative trend is not shared in the gr ps fits (upper right
panel, green and grey) – despite the fact that the r−band
is used in every other fit and the other structural are fixed
to the gr result. Indeed, the gr ps distributions for Stripe
82 appear very similar apart from the right-most bins at
ng & 7 where there are fewer targets in the Stripe 82 rel-
ative to Legacy – contrary to what is seen in every other
panel.
The upper half of the lower panel in Figure 10 explores
the apparent discrepancy in gr more closely by plotting the
difference in Legacy and Stripe 82 ng as a function of Stripe
82 ps apparent magnitude. At bright magnitudes, the me-
dian Stripe 82 ps ng are larger. In particular, this result,
combined with the increase in total brightness and sizes seen
in Figures 3 and 7 in the deeper images, supports findings by
other comparative works that have suggested that the gim2d
sky estimation method used in S11 can be sub-optimal for
bright targets with highly extended surface brightness pro-
files (Bernardi et al. 2014; Mendel et al. 2014; Meert et al.
2015). This systematic is less important in Stripe 82 (even
though the same background estimation method and seg-
mentation parameters are used) because the increase in S/N
expands the sizes of the source masks in the segmentation
images – forcing the background estimates to be made from
pixels significantly farther from the target and every other
source in Stripe 82 images. As shown by Mendel et al. (2014)
(in their Appendix B) using artificial galaxy simulations, the
systematic is most likely to arise in the S11 fits to galaxies
whose profiles are dominated by a component with intrinsi-
cally high Se´rsic indices, n & 5. Combining information from
Figures 3, 7, and 10 we caution that S11 measurements for
Legacy galaxies with high ng and mr . 14.5 mag can be com-
promised by these systematics which we have now quantified
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using deeper imaging. Our results highlight the importance
of artificial galaxy simulation recovery analysis and/or deep
imaging compliments to morphological analyses.
The upper half of the lower panel in Figure 10 also shows
the median trend that fainter targets tend to have mildly
lower ng in the ps fits for Stripe 82 relative to Legacy. Judg-
ing from the one-dimensional ng distributions in the upper
right panel for ps, these must be targets that had ng & 7 in
Legacy but now have lower ng in Stripe 82. The asymmetry
of the scatter at the faint end supports this assertion. Given
that this trend is reversed in the ur, ir, and zr fits, it is un-
clear what is driving this mild decrease in gr ng for faint
targets – particularly because the other structural param-
eters of the ps fits in those other bandpass pairs (effective
radius, axis ratio, and position angle) are fixed to the gr
results. The Legacy distributions, for example, do not differ
in this way – they are practically identical in all bandpass
pairs. The fact that Legacy ng distributions do not change
in these other bandpass pairs is mostly likely a consequence
of fixing other structural parameters to the gr results and
dominance of the higher S/N r−band images to the opti-
mization of ng in cases where there is low S/N in the u, i,
or z images. As such, it could be argued that the improved
S/N in the uiz images increases the covariance between uiz
images and their r−band counterparts in optimizing ng to
both bands – resulting in unique distributions in each band-
pass pair. But this argument does not also explain why the
trend in the gr fits at high ng is so suddenly reversed relative
to fits in the other bandpass pairs. At this time, it is not im-
mediately clear why the fainter sources have suppressed ng
in Stripe 82 relative to Legacy. However, we point out that
this suppression is very modest – with the median offset not
exceeding ∆ng = 0.15.
The upper right panel of Figure 10 also compares Stripe
82 and Legacy bulge Se´rsic indices, nb, from the fn fits to
the gr images (cyan and black). The differences are minor
with the exception of an increased number of objects in the
final nb ≈ 8 bin. As with the ps fits to the gr bandpasses, we
examine the difference more closely in the lower half of the
lower panel of Figure 10. The ∆n axis has been broadened
to better encompass the scatter (that predominantly arises
due to the fact that we have not made any cuts on bulge
brightness). We find similar systematics in nb for fn fits
to bright sources that were reported and discussed for the
ps fits. As total galaxy brightness decreases, the scatter in-
creases rapidly but with reasonable symmetry and no other
particular systematics between deep and shallow images. Ul-
timately, we caution that the similarity in one-dimensional
distributions of nb in the fn decompositions implies that
the majority of nb measurements from the deep images are
likely to be affected by the same systematics that affected
nb measurements in the shallow images (also supported by
the Pn4,S82 results in the previous section). Cuts in B/T (to
focus on bulge brightness) or the more discriminate Pn4,S82
(to focus on objects for which the free nb made a significant
difference to the fitting result) can be used to suppress this
scatter or to glean galaxies that are less affected (e.g., as in
Figure 15 of S11) but may introduce biases depending on
the science case.
4.7 Bulge and disc sizes
The F-test statistics show that the co-add images offer im-
proved discrimination between single- and two-component
systems compared to Legacy. We now compare the bulge
and disc sizes to see how the component properties are af-
fected. The upper left panel of Figure 11 shows the change
in disc scale-length, ∆ log rd, plotted against disc apparent
magnitude for the full range in B/T . There is excellent agree-
ment between the median co-add and Legacy disc sizes all
the way to mr ≈ 18 mag. The 16-84 percentile range in
∆ log rd for discs brighter than mr ≈ 18 mag is also remark-
ably tight between the co-add and Legacy decompositions.
However, at fainter disc magnitudes, the scatter is increased
and Stripe 82 disc components are systematically larger than
their Legacy counterparts. The median offset at faint disc
magnitudes can be as large as ∆ log rd ≈ −0.07 dex.
The lower left panel of Figure 11 shows the change
in bulge effective radius ∆ log re. The red shading in the
marginals shows the relative fraction of bulges in each bin
whose measured effective radii in the Stripe 82 or Legacy
decomposition are less than associated the Half-Width at
Half Maximum (HWHM) of the PSF:
Fbin,red =
Nbin(re,S82 < HWHMS82 OR re,DR7 < HWHMDR7)
Nbin,tot
(3)
The same is shown for the discs, but very few disc sizes from
either the co-adds or Legacy are below the HWHM of the
PSF. Galaxies with the largest offsets in bulge size (those
clipped to the edges of the right marginals) are those that
are unresolved and faint (see lower marginals).
Stripe 82 bulge sizes are systematically larger than in
Legacy for all bulge magnitudes (with median offsets as large
as ∆ log re ≈ −0.1 dex). The scatter in the bulge size compar-
ison is also far larger than for disc sizes. In general, bulges
are intrinsically more difficult to fit than discs due to their
high sensitivity to spatial resolution, sky subtraction, and
the presence of additional substructures and components
(such as bars). But there are several factors which can drive
increased scatter and potentially introduce systematics.
First, changes in the sizes of intrinsically small and faint
discs or bulges are exacerbated on a logarithmic scale. Since
bulges are generally more compact than discs for the same
luminosities (e.g., Graham & Guzma´n 2003), the scatter in
∆ log re will generally be larger than in ∆ log rd.
Second, if a physical component is so small in angular
size that it is spatially unresolved then scatter will be intro-
duced by mismatches between the reconstructed PSF with
which our models are convolved and the true PSF. Since
the spatial resolution is 8% poorer on average in the co-adds
than in Legacy, there is a slightly greater likelihood of having
such mismatches in the co-adds.
Third, since galaxies in our sample all have mr,galaxy ≤
17.77 mag, a bulge (or disc) with brightness mr,comp > 17.77
mag often belongs to a system whose surface brightness dis-
tribution is dominated by the disc (or bulge). Applying a cut
of 0.5 ≤ B/T < 0.9 in the disc comparison or 0.1 < B/T < 0.5
to the bulge comparison reveals that there is greater scatter
in ∆ log rd for discs and ∆ log re for bulges that are embedded
in two-component systems in which the secondary compo-
nent dominates. Applying a 0 ≤ B/T < 0.3 cut to select
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Figure 9. F-test statistics comparing between models of increasing number of degrees of freedom. Upper left : one-dimensional histograms
of PpS for Stripe 82 (solid, empty) and DR7 Legacy (gray, shaded). Upper center and right : histograms of PpS in Stripe 82 (left) and
DR7 Legacy (right) and their respective galaxy total magnitudes measured in the n4 decompositions. Percentile legends for the black
contour lines are inset on the middle right of each panel. Lower row : same as upper row of panels but comparing the Pn4 statistics
derived Stripe 82 and DR7 Legacy photometric decompositions.
only disc dominated systems reduces the scatter to ∆ log rd
to 0.05 dex. However, the same cannot be said of the bulge
size comparison using a cut of 0.7 < B/T ≤ 1. We found that
the scatter and systematics in the lower left panel of Figure
11 largely persist despite the cut.
The persistent systematics and biases among bulges
raises a fourth driving source of contrast between the co-
adds and Legacy component sizes – the increased bulge frac-
tions in the co-adds for many galaxies with intermediate
B/T . In the right panels of Figure 11, we control for this
bias by strictly selecting galaxies which have a change in
|∆(B/T)|DR7−S82 < 0.1. Since total galaxy magnitudes are
largely the same in the co-adds and Legacy, such a cut is
the equivalent of saying that the component brightnesses
must be the same as well – and so the result is unsurpris-
ing but demonstrates the contribution of this bias to the
scatter. Most notably, the systematic in the bulge size com-
parison at faint bulge magnitudes shown in the lower left
panel of Figure 11 is almost entirely eliminated in the lower
right panel where |∆(B/T)|DR7−S82 is controlled. Thus the
systematic at faint magnitudes and inflated scatter is only
the consequence of the different (but typically larger) bulge-
fractions measured in the co-adds.
The remaining scatter after our cut in |∆(B/T)| is qual-
itatively consistent with sources we have already discussed
in the previous paragraphs of this section. Now, whether
the tendency towards higher bulge-fractions are indeed a
correction to systematically under-estimated bulge fractions
for the fainter Legacy galaxies with intermediate B/T is not
certain. But consider again the arguments we made in Sec-
tion 4.4 regarding the artificiality of the bump at B/T = 0.5
in Legacy relative to the more uniform B/T distribution
found in the co-adds. Our results suggest that the bump
at B/T = 0.5 (the median over the allowed range in bulge
fractions) arises from poor constraints on the light profiles
of faint galaxies. The characterization of these galaxies and
their components is substantially improved in the deep co-
adds as shown in our comparison of the F-test statistics.
These pieces of evidence suggest correction to a systematic
arising from poorer photometric constraints on faint bulges
and discs in Legacy rather than a new and unexpected sys-
tematic in the co-adds.
As with the sizes, we have compared the brightnesses of
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Figure 10. Comparison of Se´rsic indices, n, in Stripe 82 and DR7
Legacy. The top four panels compare distribution functions of ps
galaxy Se´rsic indices, ng , in the ur , gr , ir , and zr fits. Stripe 82
histograms are coloured according to each band pairing and the
corresponding DR7 Legacy histograms are behind in grey. The
gr panel to the upper right also compares the distributions of fn
bulge Se´rsic indices, nb , from the corresponding gr fits (Stripe
82 – cyan; DR7 Legacy – black). The lower panel more directly
compares the Stripe 82 and Legacy gr galaxy Se´rsic indices from
the ps fits (upper, green) and bulge Se´rsic indices from the fn
fits (lower, cyan) as functions of total r−band magnitude from
the corresponding model. Solid lines show the median ∆n as a
function of apparent magnitude. Dashed lines show the 16th and
84th percentiles. Density maps in the background show the full
sample distributions.
the components. Our findings are consistent with our anal-
ysis of the sizes. Many previously faint bulges get a bright-
ness boost in the co-adds. The disc fractions are suppressed
to compensate. It is worth noting that our comparison of
component properties essentially functions as a convergence
test. We have shown that it is possible to use our tables to
estimate the brightness and component contrast (set by a
galaxy’s intrinsic bulge-to-disc, (B/D), light ratio) for which
a bulge or disc component’s physical properties hold-up at
fainter surface-brightness limits.
4.8 Residual asymmetries and non-parametric
indices
Six additional morphological indices are computed for each
decomposition. The majority of these indices are aimed at
quantitatively identifying visual indicators of disturbances
in galaxy structures. The first two are the asymmetry, A,
and concentration, C, indices from the automatic classifica-
tion system (CAS) proposed by Abraham et al. (1994, 1996).
Two more are Dz and Az , defined in Section 5.6 of Simard
et al. (2002). Az measures the flux from all pixels that are
nσsky higher than their symmetric counterparts when ro-
tated 180◦ about the target’s barycenter, normalized by the
total object flux. Az is computed for n = 2, 3, 5 within circular
apertures extending either one or two half-light radii from
the target centroid. Similarly, Dz is the sum of the fluxes of
target object pixels, as determined from the SExtractor
segmentation image, whose symmetric counterparts are not
also target object pixels. Dz is similar in nature to the shape
asymmetry parameter first proposed by Pawlik et al. (2016)
which is sensitive to crowding by neighbouring sources and
potentially useful in quantitatively identifying close galaxy
pairs.
The remaining two indices are based on the RT and
RA indices used in local studies of spiral arm patterns by
Elmegreen et al. (1992) and first applied to distant galaxies
by Schade et al. (1995) as part of the Canada-France Red-
shift Survey (Lilly et al. 1995). RT and RA each quantify
the residual light that is not characterized by the symmet-
ric, analytic models used in the decomposition. For both
indices, the residual model-subtracted image is either added
to (RT ) or subtracted (RA) by the same image rotated by
180 degrees about the galactic centre.6 As such, asymmet-
ric features which, in particular, are known to be indica-
tors of galaxy interactions such as tails and bridges may be
identified. Calculation of RT and RA in the gim2d pipeline
differs slightly from Schade et al. (1995) in that the gim2d
indices are computed within one, two, and three multiples
of a galaxy’s measured half-light radius. Table values are
correspondingly named r{a,t}{1,2,3} 1 {band}.
Figure 12 compares the RA indicators measured for the
co-add and Legacy decompositions using the difference ∆RA.
The lower panel shows the comparison as a function of mag-
nitude. There is a uniform median enhancement in the co-
add RA (by ∆RA ≈ 0.07) across the full magnitude range.
6 The RT and RA indices are known to be sensitive to the pivot
point as for the C − A indices Conselice et al. (2000). We do not
include a step to find pivot point in the image about which the
asymmetry indices are minimized.
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Figure 11. Comparison of disc scale lengths and bulge effective radii in Stripe 82 and Legacy. Markers show the median and 16-84
percentile range for ∆ log rcomp in bins of component magnitude. Two-dimensional distributions are flanked by marginal histograms for each
axis – where all values extending beyond the binning range have been clipped and added to the corresponding edge of the distribution.
Red shading in marginal histograms indicate the relative fraction of galaxies per bin for which the Stripe 82 or DR7 size is smaller than
the HWHM of the PSF following Equation 3. All measurements are taken from the n4 gr decomposition table and are by construction
identical in each other bandpass pair (excepting their magnitude distributions). Markers show the median and 16th-84th percentiles in
each 0.5 magnitude bin. Left panels: ∆ log rd,disc and ∆ log re,bulge plotted against respective Legacy disc and bulge apparent magnitudes.
B/T ranges are indicated at the lower left of each panel. Right panels: selection of galaxies from left panels with |∆(B/T ) |r,DR7−S82 < 0.1.
This selection reduces systematics in bulge sizes and reduces the scatter in both bulge and disc comparisons.
However, in the upper panel, we see that this enhancement
in asymmetry for the co-adds is largely attributed to galaxies
with some degree of asymmetry already measured in Legacy.
We have confirmed these findings through visual inspection
of galaxies with large ∆RA which either had small or large
RA originally in Legacy. In particular, the co-adds often re-
veal Hii regions, tidal tails, shells, and streams in galaxies
that were hardly detectable in the shallower Legacy images.
Taken together, these results demonstrate that asymmetric
features are generally enhanced in the deeper images inso-
far as they may be distinguished from the sky background.
The standard and residual asymmetric features that are re-
vealed through deep imaging may be exploited to construct
more robust samples of galaxies that are expected to contain
such asymmetric features such as peculiar early-type galax-
ies (e.g., Kaviraj 2010) and recent/ongoing mergers (e.g, El-
lison et al. 2019).
5 SUMMARY
Using images constructed from multiple exposures of 275
deg2 in the SDSS Stripe 82, which permit an additional
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Figure 12. Change in residual asymmetries, ∆RA between
Legacy and the Stripe 82 co-adds. RA is computed within three
half-light radii in each case. The upper panel shows the enhance-
ment as a function of the original RA measurement from the
Legacy r-band decompositions. The lower panel shows the en-
hancement as a function of Stripe 82 total apparent magnitude.
Asymmetries are uniformly enhanced as a function of magnitude,
but are preferentially enhanced in targets that had large asym-
metries in Legacy images.
1.6−1.8 magnitudes of depth with respect to single-exposure
SDSS Legacy images, we have performed free-nb and nb = 4
bulge+exp. disc (fn and n4) as well as single-component Se´r-
sic ps decompositions on 16,908 galaxies – obtaining para-
metric morphologies in the u, g, r, i, z bands. We make all
of our catalogs publicly available. Our catalog structures
are consistent with those from S11, enabling straightfor-
ward comparisons of structural measurements using deep
and shallow photometry. Our main findings are summarized
as follows:
• Integrated galaxy properties in each band such
as size and luminosity are largely unchanged (Fig.
3). For example, the median offsets in total apparent
magnitude for all galaxies in each band are ∆m50%
u,g,r,i,z
=
(0.037, 0.022, 0.021, 0.020, 0.019)mag (DR7-S82) for the n4 de-
compositions. Exceptions arise for the brightest galaxies in
each bandpass, where broader target masks and correspond-
ingly improved local sky estimation yields brighter results
in the co-adds. Also, many galaxies with u-band intrinsic
brightnesses that are poorly constrained or resulted in non-
detections in Legacy are actually measured and character-
ized in the co-adds. This systematic manifests as large nega-
tive offsets between the Legacy and Stripe 82 decomposition
u-band magnitudes.
• The colour-magnitude diagrams for the co-adds
have a tighter red-sequence in all bands with re-
spect to Legacy decompositions (Fig. 6). The removal
of outliers is particularly noticeable in the u-band relative to
the Legacy colours. The majority of the outliers in Legecy
have large, positive (u − r) colours. Given that their r-band
magnitudes are unchanged in the co-add decompositions,
the high (u − r) colours indicate that many galaxies’ u-band
magnitudes were systematically underestimated in Legacy.
The reduced scatter in the red-sequences is also an indica-
tor that deblending of light for crowded targets is improved
– as satellites and other potential interlopers are now more
efficiently masked due to the high S/N in the co-adds.
• Bulge-to-total fractions for many galaxies with
intermediate B/T are enhanced in the co-add decom-
positions, but are largely unchanged at low B/T (Fig.
8). Importantly, the changes to B/T appear to remove a sys-
tematic aggregation of galaxies around B/T = 0.5. We argue
that the grouping at B/T = 0.5 is not physical, but is a sys-
tematic in the S11 decompositions owing to poor constraints
on the structures of galaxies at the limits of Legacy photom-
etry.
• A number of galaxies with B/T = 1 in the shal-
low images get a boost to their disc fractions in the
deeper images (Fig. 8). The median ∆(B/T)S82−DR7,r ≈
−0.09 for galaxies with B/T ≈ 1 in Legacy. However, this re-
duction in bulge fraction can be up to 40% for such galaxies.
• We find that the deep imaging improves the
discriminating ability of the F-test in determining
whether a more complex decomposition model is
favoured with respect to a simpler model (Fig. 9).
Where the majority of galaxies in the Legacy decompositions
have PpS,DR7 ≈ 0.5 and Pn4,DR7 ≈ 0.5 (indicating no statis-
tical preference between decomposition models), the co-add
PpS,S82 and Pn4,S82 are bimodal over a large range in galaxy
apparent magnitudes. We argue the improved photometry
in the co-adds enables better characterization of the compo-
nents and, in particular, an improved capacity to determine
whether a two-component model is favoured over a single-
component model.
• We show that systematics on galaxy and bulge
Se´rsic index in the ps and fn fits are suppressed in
the deeper images (Fig. 10). More accurate sky measure-
ments and reduced sky uncertainties yield improved char-
acterization of the extended profiles of galaxies with both
mr < 14.5 and high Se´rsic indices whose fluxes, sizes, and
Se´rsic indices can be suppressed by over-estimated skies in
the S11 Legacy measurements. These findings using deep
imaging agree with systematic uncertainty predictions by
Mendel et al. (2014) from artificial galaxy recovery analy-
sis. They also agree with results of comparisons between the
MNRAS 000, 1–28 (2018)
Stripe 82 deep image morphologies 19
S11 Legacy catalogs to other decomposition analyses with
alternative sky-estimation procedures (e.g., Bernardi et al.
2014; Meert et al. 2015).
• Bulge and disc sizes are consistent out to
mr,comp ≈ 17 (Fig. 11). We assert that this is the mag-
nitude limit at which Legacy measurements of components
can be trusted before high measurement uncertainties and
systematics dominate. The scatter in the component sizes in-
creases rapidly with decreasing brightness. We showed that
this scatter arises from systems in which the one component
dominates over the other and where the photometry of a
component is limited in the shallower Legacy images. Us-
ing cuts in B/T , the scatter in the disc sizes can be reduced
to ∆rd,disc,r < 0.05 dex. The higher bulge fractions in many
faint galaxies drive a systematic enhancement of bulges sizes
in the co-adds. We caution, however, that users of our cat-
alogs must consider their science case before making such
cuts – which may introduces biases.
• Measures of asymmetry are enhanced in the
deeper Stripe 82 co-adds with respect to Legacy
measurements (Fig. 12). We compute a range of asym-
metry parameters for each galaxy and decomposition that
are included in the catalogs. We find that asymmetries are
generally enhanced in the Stripe 82 co-adds and that the en-
hancement is strongest for galaxies that were already asym-
metric in Legacy.
In general, the changes to morphological and statisti-
cal parameters in the Stripe 82 co-adds highlight the im-
portance of deep imaging compliments to large photomet-
ric galaxy surveys. In particular, such deep imaging enables
valuable and straight-forward validation of galaxy structural
measurements and the magnitude limits to which they are
robust.
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APPENDIX A: MEASUREMENT
UNCERTAINTIES
We compute the photometric uncertainties on several model
parameters both as a reference and to illustrate the superior
constraints on measurements using Stripe 82 images with
respect to Legacy. The uncertainties we report are propa-
gated uncertainties from the local mean sky measurement,
σ〈sky〉 , and the gim2d parametric uncertainties computed by
marginally sampling the posterior probability distribution
for each parameter about the best-fitting n4 model. Uncer-
tainties from covariances between model parameters are not
accounted for, however these should be more or less similar
in each dataset given that the same decomposition routines
and models are used in the comparison. Our catalogs include
all of the necessary information needed to reproduce these
uncertainty estimates.
Figure A1 compares the u (lower row) and r (upper row)
band total magnitude uncertainties, σ(mx,galaxy), in Stripe
82 (left panels, magenta curves) and Legacy (right pan-
els, cyan curves). For visual impression, the magenta curves
for Stripe 82 are redrawn on the right panels. Background
greyscale shows the 2D histogram of computed uncertain-
ties. Curves show the median (solid, thick) and 16-84 per-
centile range (dashed). From Figure A1 it is clear that the
constraints on total magnitudes are substantially better in
the deep co-adds. In the u-band, for example, we can see
that a galaxy with mugalaxy ≈ 19 in Stripe 82 has the same
uncertainty (around 0.03 mag) as one at mugalaxy ≈ 16 in the
single-epoch Legacy images.
Figure A2 shows the photometric uncertainties for the
bulge, σ(mr,bulge), and disc, σ(mr,disc), component magni-
tudes and the bulge-to-total ratio, σ(B/T)r in the r-band.
The bottom right panel shows that Legacy B/T uncertain-
ties are small out to mr,galaxy ≈ 15.5 mag – after which
the uncertainties begin to rise steadily. Stripe 82, however,
has median B/T uncertainties that are typically confined
to σ(B/T)r . 0.01 over the full magnitude range. This
result is consistent with our assertion that the improved
depth in Stripe 82 enables characterization of B/T in galax-
ies for which the photometry was insufficient to discrimi-
nate between bulge and disc light in Legacy. It also sup-
ports the claim that Stripe 82 should be more discriminat-
ing in statistical comparisons designed to show whether a
two-component bulge+disc decomposition is favoured over
a single-component fit – particularly for faint targets. How-
ever, there is an interesting offset in the median Stripe 82
B/T uncertainties relative to Legacy where mr,galaxy . 15.5
mag and which appears to increase with brightness. To test
whether these high B/T uncertainties came from the Stripe
82 sky or gim2d uncertainties we turned off the sky un-
certainties in our calculations and found that the system-
atic persisted. The large scatter in the Stripe 82 B/T uncer-
tainties of bright galaxies therefore comes from parametric
gim2d uncertainty in B/T .
To understand what might be driving the inflated scat-
ter and corresponding offset in Stripe 82 B/T parametric un-
certainties for bright sources, we inspected the Stripe 82 and
Legacy decomposition mosaics of objects with σ(B/T)r,S82 >
0.025 and mr,S82 < 14.5 mag – finding 41 in Stripe 82 and 2
in Legacy (both targets from Legacy were also satisfied the
cut in Stripe 82). The uncertainties among the Stripe 82 tar-
gets that met this criterion were also generally larger than
the two from Legacy. The mosaics of these sources revealed
that they all had exceptionally asymmetric isophotes. Many
were barred. Some were edge-on discs with long dust lanes.
Others were spiral galaxies with strong twists and whose
inner structures differed greatly in axis ratio or isophotal
position angle from their outer structures. But all also had
visible bulges. It might be that for these bright, asymmet-
ric objects the bulge model is bouncing between fitting the
bulge itself and fitting what the disc cannot. In other words,
the bulge model is trying to compensate for the inadequacy
of the disc model to the task of fitting a highly asymmetric
disc or other extended structure.
Following this intuition, the reason that the uncertainty
is higher in Stripe 82 is because the outer structure has
higher S/N and therefore greater weight in the fit than in
Legacy. If there are then twists in this outer structure then
the bulge has to try to find a saddle point in likelihood space
between properly modelling the bulge and modelling part
of that outer structure – driving up its parametric uncer-
tainty relative to the Legacy images. We have not designed
an experiment to explicitly test this assertion. Whether it is
correct or not, the inflated B/T uncertainties at the bright
end of Stripe 82 propagate into the corresponding bulge and
disc uncertainty calculations shown in the upper two rows of
Figure A2. Ultimately, this systematic highlights the limita-
tions of modelling highly asymmetric structures with sym-
metric models and the value of more sophisticated (but also
more sensitive) models which can can both fit galaxies with
complex isophotes and return realistic structural estimates
(e.g., Ciambur 2015). By finding inventive ways to inject pri-
ors into these models and find reasonable initial conditions,
they may soon be scalable to large surveys.
The upper two rows of Figure A2 show the bulge,
σ(mr,bulge), and disc, σ(mr,disc), component magnitudes and
the bulge-to-total ratio, σ(B/T)r in the r-band. Again, in
each case, we see the mark made by imaging depth on the
Stripe 82 uncertainties. In general, the uncertainties on com-
ponent magnitudes are much larger than for total magni-
tudes – as expected since each presents a fraction of the
whole. Taking σr,tol = 0.1 magnitudes (∼ 10% flux differ-
ence) as a toy tolerance, disc magnitudes in Stripe 82 are
robust out to mr,disc ≈ 20 mag, whereas they exceed the
tolerance at mr,disc ≈ 18 mag with Legacy photometry. Sim-
ilarly, the limit for bulges is extended from mr,bulge ≈ 17.8
mag to mr,bulge ≈ 19.8 mag. The ∼ 2 magnitude improvement
in the limiting magnitude for a given tolerance generally
holds for tolerances less than σr,tol = 0.2 magnitudes.
We caution that one should be careful not to over-
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interpret these uncertainties. These uncertainties are the sta-
tistical uncertainties given an assumed model. Systematics
that may arise from assuming models that may not be suited
to real galaxies may not be captured (as highlighted in our
discussion of the B/T uncertainties). One may interpret the
uncertainties we report as encoding the probabilities that
a new measurement made using the same model and opti-
mization routine in an image of similar quality would achieve
similar results.
APPENDIX B: CATALOG STRUCTURE AND
PARAMETERS
Table B1 is an example table schema for the decomposition
catalogs. Twelve tables are released in total – one for each
unique combination of model and Xr−band pairing. Tables
for fits with the same decomposition model have identical
schema. Tables in which structural parameters are fixed to
results from gr-band decompositions include those forced
values. A user may refer to Table 1 to determine whether
structural parameters in a given table are measured inde-
pendently or fixed. One must again recall that the decom-
positions in each band are always performed pairwise with
the r−band. The structural measurements in a given table
are either: (1) covariant with the r-band structures (as in
the case of Se´rsic index in the ps fits); or (2) fixed to the
results of the simultaneous gr−band decompositions and as
such are never truly independent in any given band.
The ps, n4, and fn tables are identical in structure with
a few exceptions. First, the n4 tables contain a PpS param-
eter. Second, the fn tables contain both PpS and Pn4 pa-
rameters. Each catalog also includes an estimate of the local
sky background (relative to the pre-subtracted SExtrac-
tor background pixel mode in the full frame) and its uncer-
tainty around each galaxy in each band. As tabulated, the
sky uncertainties are normalized by the square root of the
number of pixels used to estimate the sky level. These can be
converted to calibrated sky surface brightness uncertainties,
σsky (in magnitudes/arcsecond
2), as follows:
σsky = − 2.5 log10
(
skySigNorm × √skyNpix
pixel_scale2
)
+ 30.0 (B1)
where pixel_scale is the pixel scale, 0.396127 arc-
sec/pixel, of the SDSS camera. The local sky backgrounds
themselves (db in the tables) are the relative offset be-
tween the global sky in the frame measured by SExtractor
(which is then subtracted from the image) and the gim2d lo-
cal estimate around the target galaxy. The example schema
in Table B1 is for a gr decomposition table with the n4
model.
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Figure A1. Comparison of photometric total magnitude uncertainties, σ2(mx,galaxy) = σ2〈sky〉 +σ2gim2d, for Stripe 82 (left panels, magenta
curves) and Legacy (right panels, cyan curves). Upper and lower rows show the r and u band magnitude uncertainties. Stripe 82 curves
are redrawn on the Legacy panels for visual impression. It is important to note the difference in scale between the upper and lower rows.
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Figure A2. Comparison of photometric component magnitude and bulge-to-total fraction uncertainties for Stripe 82 (left panels, magenta
curves) and Legacy (right panels, cyan curves) in the r-band. Stripe 82 curves are redrawn on the Legacy panels for visual impression.
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Table B1: Stripe 82 galaxy morphology catalog example schema for the n4 simultaneous gr band decompositions (online supple-
mentary information). The fn tables are identical to the n4 tables but include the additional Pn4 statistic. The single-component
ps model tables contain neither PpS nor Pn4 statistics and columns which pertained to the discs in the two-component ta-
bles are either NULL or are filled with nonsensical values in the ps tables: disc position angle, scale length, inclination and
their associated uncertainties. Bulge-to-total fractions are also meaningless in the ps tables. Rest-frame quantities assume
(H0,Ωm,ΩΛ) = (70 km/s/Mpc, 0.3, 0.7). Absolute magnitudes incorporate k−corrections computed using kcorrect version 4.2
(Blanton & Roweis 2007).
.
Column Type Units Description
s82 objID varchar(25) n/a Unique Stripe 82 catalog object ID
objID varchar(25) n/a Matched unique SDSS DR7 object ID
ra float degrees Right ascension
decl float degrees Declination
run int(11) n/a Stripe 82 run: South-106, North-206
rerun int(11) n/a Processing/calibration identifier
camcol int(11) n/a CCD camera column
field int(11) n/a Stripe 82 field
ID int(11) n/a Object ID within given field
petroMag r float mag SDSS Petrosian apparent magnitude
extinction r float mag Galactic extinction
z float n/a Spectroscopic redshift
sciim nx int(11) pixels Size of science cut-out x
sciim ny int(11) pixels Size of science cut-out y
prchost varchar(15) n/a Processing host (decomposition)
start time datetime n/a Processing start-time
end time datetime n/a Processing end-tim
dfm r float counts/s (16 - 50)% range f
f r float counts/s Galaxy total flux
dfp r float counts/s (50 - 84)% range f
dg2dmagm r float mag (16 - 50)% range g2dmag
g2dmag r float mag Galaxy apparent magnitude
dg2dmagp r float mag (50 - 84)% range g2dmag
dbtm r float n/a (16 - 50)% range bt
bt r float n/a Bulge-to-total fraction
dbtp r float n/a (50 - 84)% range bt
drem float arcsec (16 - 50)% range re
re float arcsec Bulge effective radius
drep float arcsec (50 - 84)% range re
dem float n/a (16 - 50)% range e
e float n/a Bulge ellipticity
dep float n/a (50 - 84)% range e
dphibm float degrees (16 - 50)% range phib
phib float degrees Bulge position angle
dphibp float degrees (50 - 84)% range phib
drdm float arcsec (16 - 50)% range rd
rd float arcsec Disc scale length
drdp float arcsec (50 - 84)% range rd
didm float degrees (16 - 50)% range incd
incd float degrees Disc inclination, q app = (b/a) = cos(incd)
didp float degrees (50 - 84)% range incd
dphidm float degrees (16 - 50)% range phib
phid float degrees Disc position angle
dphidp float degrees (50 - 84)% range phid
ddxm g float pixels (16 - 50)% range dx
dx g float pixels Model centroid offset from PHOTO x
ddxp g float pixels (50 - 84)% range dx
ddym g float pixels (16 - 50)% range dy
dy g float pixels Model centroid offset from PHOTO y
ddyp g float pixels (50 - 84)% range dy
ddbm r float counts/s (16 - 50)% range db
db r float counts/s (gim2d - SExtractor) residual background
Continued on next page
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Table B1 – Continued from previous page
Column Type Units Description
ddbp r float counts/s (50 - 84)% range db
dnm float n/a (16 - 50)% range n
n float n/a Sersic Index
dnp float n/a (50 - 84)% range n
rhalf r float arcsec Galaxy half-light radius (HLR)
rchi2 r float n/a Reduced CHI2 statistic
c1 r float n/a Concentration parameter within 1 HLR
c2 r float n/a Concentration parameter within 2 HLR
c3 r float n/a Concentration parameter within 3 HLR
c4 r float n/a Concentration parameter within 4 HLR
a r float n/a Asymmetry parameter
da r float n/a Uncertainty in asymmetry parameter
az2 1 r float n/a Simard et al. (2002) Az parameter for n=2 within 1 HLR
az2 2 r float n/a Simard et al. (2002) Az parameter for n=2 within 2 HLR
az3 1 r float n/a Simard et al. (2002) Az parameter for n=3 within 1 HLR
az3 2 r float n/a Simard et al. (2002) Az parameter for n=3 within 2 HLR
az5 1 r float n/a Simard et al. (2002) Az parameter for n=5 within 1 HLR
az5 2 r float n/a Simard et al. (2002) Az parameter for n=5 within 2 HLR
dz r float n/a Simard et al. (2002) Dz parameter
rt1 1 r float n/a Residual asymmetry R T within 1 HLR
rt1 2 r float n/a Residual asymmetry R T within 2 HLR
rt1 3 r float n/a Residual asymmetry R T within 3 HLR
ra1 1 r float n/a Residual asymmetry R A within 1 HLR
ra1 2 r float n/a Residual asymmetry R A within 2 HLR
ra1 3 r float n/a Residual asymmetry R A within 3 HLR
prcflag int(11) n/a Processing flag (0: converged)
rd kpc float kpc Disc scale length [kpc]
re kpc float kpc Bulge effective radius [kpc]
rhalf kpc r float kpc Galaxy HLR [kpc]
petroR50 r float arcsec Petrosian radius R50
mu50 r float mag/arcsec2 Average surface brightness in R50
Vmax float Mpc3 Volume correction
Mr galaxy float mag Galaxy absolute magnitude
Mr bulge float mag Bulge absolute magnitude
Mr disk float mag Disc absolute magnitude
Mg galaxy float mag Galaxy absolute magnitude
Mg bulge float mag Bulge absolute magnitude
Mg disk float mag Disc absolute magnitude
extinction g float mag Galactic extinction
petroMag g float mag SDSS Petrosian apparent magnitude
dfm g float counts/s (16 - 50)% range f
f g float counts/s Galaxy total flux
dfp g float counts/s (50 - 84)% range f
dbtm g float n/a (16 - 50)% range bt
bt g float n/a Bulge-to-total fraction
dbtp g float n/a (50 - 84)% range bt
dg2dmagm g float mag (16 - 50)% range g2dmag
g2dmag g float mag Galaxy apparent magnitude
dg2dmagp g float mag (50 - 84)% range g2dmag
rhalf g float arcsec Galaxy half-light radius (HLR)
rhalf kpc g float kpc Galaxy HLR [kpc]
rchi2 g float n/a Reduced CHI2 statistic
ddbm g float counts/s (16 - 50)% range db
db g float counts/s (gim2d - SExtractor) residual background
ddbp g float counts/s (50 - 84)% range db
c1 g float n/a Concentration parameter within 1 HLR
c2 g float n/a Concentration parameter within 2 HLR
c3 g float n/a Concentration parameter within 3 HLR
c4 g float n/a Concentration parameter within 4 HLR
Continued on next page
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Table B1 – Continued from previous page
Column Type Units Description
petroR50 g float arcsec Petrosian radius R50
mu50 g float mag/arcsec2 Average surface brightness in R50
a g float n/a Asymmetry parameter
da g float n/a Uncertainty in asymmetry parameter
az2 1 g float n/a Simard et al. (2002) Az parameter for n=2 within 1 HLR
az2 2 g float n/a Simard et al. (2002) Az parameter for n=2 within 2 HLR
az3 1 g float n/a Simard et al. (2002) Az parameter for n=3 within 1 HLR
az3 2 g float n/a Simard et al. (2002) Az parameter for n=3 within 2 HLR
az5 1 g float n/a Simard et al. (2002) Az parameter for n=5 within 1 HLR
az5 2 g float n/a Simard et al. (2002) Az parameter for n=5 within 2 HLR
dz g float n/a Simard et al. (2002) Dz parameter
rt1 1 g float n/a Residual asymmetry R T within 1 HLR
rt1 2 g float n/a Residual asymmetry R T within 2 HLR
rt1 3 g float n/a Residual asymmetry R T within 3 HLR
ra1 1 g float n/a Residual asymmetry R A within 1 HLR
ra1 2 g float n/a Residual asymmetry R A within 2 HLR
ra1 3 g float n/a Residual asymmetry R A within 3 HLR
specclass int(11) n/a Spectroscopic classification
ddxm r float pixels (16 - 50)% range dx
dx r float pixels Model centroid offset from PHOTO x
ddxp r float pixels (50 - 84)% range dx
ddym r float pixels (16 - 50)% range dy
dy r float pixels Model centroid offset from PHOTO y
ddyp r float pixels (50 - 84)% range dy
crhalf g float arcsec Circular aperture galaxy model half-light radius
crhalf r float arcsec Circular aperture galaxy model half-light radius
P pS float n/a F-test statistic PpS
npxfit0 int(11) n/a Number of sky pixels in science image used in fitting
npxfit1 int(11) n/a Number of target object pixels in science image used in fitting
skySigNorm r float counts/s/pixel Standard error in the sky background measurement
skySigNorm g float counts/s/pixel Standard error in the sky background measurement
skyNpix g float n/a Number of pixels used to evaluate local sky
skyNpix r float n/a Number of pixels used to evaluate local sky
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